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INTRODUCTION 

The use of natural gas (methane) 'as hydrogen source for the upgrading of extra-heavy 
crude oil [I-61 and coal [7-151 has been the subject of numerous studies during the last few 
years. In this particular, the reaction of Hamaca crude oil ("API = 8.3) under thermal 
conditions (380°C. I I .O MPa of CH, for 4 hours residence time) and in the presence of 
water as additive, led to a decrease of two orders of magnitude in the viscosity of the 
upgraded product (from 500 to 1.99 Pa s at 30°C), conversion of the >540OC fraction of 
60%, and 11.3% of reduction of sulfur with respect to the original crude [l-31. By 'H- and 
2D-NMR analysis, the most probable pathway is a free-radical mechanism, which involves 
incorporation of methane via production of methyl radicals [3]. 

Using an alumina supported molybdenum-nickel catalyst and at similar conversion of the 
>54OoC fraction, a relatively higher percentage of desulfurization (28%) and lower 
percentage of asphaltenes (9.3%) was obtained than those found in thermal reaction (11% 
and 11.8%, respectively) [ l ,  41. These results indicate that methane can be catalytically 
activated and used for upgrading of extra-heavy crude oil. Furthermore, using a dispersed 
molybdenum catalyst, derived from MoOz(acac)2 (where acac = acetyl-acetonate) and by 
carbon isotope ratio mass spectrometry analysis, labeled methane ("Cb)  was found to 
incorporate into the crude oil (estimated value 0.01% w/w) giving conclusive evidence on 
the involvement of CH4 in the extra-heavy crude oil upgrading process [5-61. 

In this work, we studied the use of an iron dispersed catalyst, derived-from Fe3(C0),* for 
extra-heavy crude oil upgrading using methane as source of hydrogen. The iron catalyst was 
isolated from the coke produced from the upgrading reaction and was analyzed by XPS, 
EDAX, and Mossbauer Spectroscopy. Also, the characterization of the products by 'H- 
RMN were carried out in order to understand the methane activation processes that are 
occurring during the crude oil upgrading reactions. 

EXPERIMENTAL 

The crude oil employed in this work came from the Hamaca oil field in the Orinoco Belt 
and its analysis is as follows: API Gravity at 15.6"C = 8.7, Water (% w/w) = < I ,  WC wt. 
Ratio = 0.115, Sulphur (% w/w) = 3.40, Nickel (ppm) = 91.9, Vanadium (ppm) = 412, 
Asphaltenes (% w/w) = 12.5, % of Residue (5OO+OC) = 57%. Viscosity at 30OC (Pa s) = 
500. The upgrading reactions were carried out batchwise in a stainless-steel 300 ml Parr 
reactor with 250 ppm of Fe at a temperature of 41O-42O0C, a pressure of 11 MPa of C& 
and a residence time of one hour as described elsewhere [5-61. 

The percentages of volatile material were determined by the method reported by Ceballo 
and coworkers using a Hewlet-Packard gas-chromatograph, model 5880 [la]. The 
percentage of conversion of the residue >5OO0C was defined elsewhere [3,5-61.' X-ray 
Photoelectron Spectroscopic (XPS) experiments were carried out in using a Leybold- 
Heraeus Surface Analysis System which was operated with an aluminium anode (1486.6 
eV). Pass energy was set at a constant value of 50 eV and the data acquisition and 
manipulation were performed using a 486 IBM compatible computer. The instrument 
sensitivity factors used for scaling the photoelectron peak areas were calculated using the 
method reported by Leon and Carrazza [171. The Mossbauer spectroscopy was carried out 
at room temperature, with a constant acceleration spectrometer, in the triangular symmetric 
mode for the velocity. The source was a "Co in palladium. 
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RESULTS AND DISCUSSION 

The reaction of Hamaca extra-heavy crude oil (Table 1) at 11 MF'a of methane and 410°C 
for I h (Table 1, control run) led to a reduction of two order of magnitude in the viscosity 
(from 500 to 2 Pa s), 10% of reduction in sulfur content and 41% conversion of the >500"C 
fraction in the upgraded product with respect to the original crude. Analogous reaction 

product with further reduction in the viscosity (1.3 Pa s), higher reduction in sulfur content 
(14%) and similar value of conversion of the heavy fraction (40%). Additionally in the 
presence of the catalyst, a slightly reduction of coke formation (from 7.7 to 6.9%) was 
observed in comparison with the control experiment. These results indicate that the presence 
of the iron catalyst is necessary in order to enhance the upgrading of extra-heavy crude'oil in 
the presence of methane 

A reactha carried out in an inert argon atmosphere (Table 1, run 2) yielded a product 
with higher viscosity (2.7 Pa s). less reduction of sulfur content (8%) and lower conversion 
of the >5OO0C fraction (36%) with respect to the methane containing experiment (Table 1. 
run 1). These results indicate that .methane is involved, as a source of hydrogen, in the 
upgrading reaction and that it can be activated by the metal catalyst. 

An experiment (Table 2, run 3) conducted under hydrogen atmosphere afforded an 
upgraded product with slightly better properties (1.2 Pa s, 22% HDS, 40% conversion of 
>5OO0C fraction and 5% coke) than those obtained under methane (run 1) and argon (run 2) 
atmospheres. Thus, the order of reactivity is H2 > CH4 > N2 as found by Ovalles et al. [3] 
and Sundaran [7] for thermally activated processes. Also, similar order of reactivity was 
reported by Egiebor and Gray in their iron catalyzed coal liquefaction experiments [9] and 
Ovalles et al. for Mo-Ni/AI2O3 catalyzed extra-heavy crude oil upgrading [4,6]. 
From the methane upgrading reaction using Fe3(CO)12 as dispersed catalyst, the coke 
formed was characterized by EDAX, XPS and electron microscopy. X-ray diffraction and 
XPS analyses (after 1 h etching with Ar' ions) showed the presence of iron and sulfur. 
Furthermore, the binding energy for the Fe 2p3/2 was found (Table 2) at 707.4 eV and can 
be assigned to Fe+2 according to the data reported in .the literature [IS]. Additionally, a 
sulfur species detected in the S2p region at 161.3 eV, which can be assigned to S-2 [19]. 
The ratio of the atomic percentages of Fe+z (0.54) and S 2  (1.31) is 0.53, which is lower 
than that (1.1-1.4) reported by Reucroft and coworkers [19].To determine which type of Fe 
compound was present, a Mossbauer study was undertaken. The recorded spectrum is 
shown in Fig. 1A with the continuous line representing the result of a computer adjustment, 
which included, apart IS (Isomer Shift). FWHM and QS (quadrupole splitting), a hyperfine 
field distribution whose histogram is also shown in Fig. 1B. Due to the small concentration of 
iron, the spectrum has a rather poor statistics, however the histogram obtained indicates the 
unambiguous presence of an Fe and V mixed sulfide, when compared with the spectra 
obtained in the systematic study of those sulfides [20-221. According to the previous results, 
the composition of the present mixed sulfide should be near: (Feo.aVo4)r S ,  where z is in the 
range of 0.8-0.9 . 
The formation of the Fe-V mixed sulfide is certainly achieved in situ, by decomposition of 
the iron carbonyl (Fe3(CO)12) and subsequently the reaction of sulfur and vanadium coming 
from the feedstock [23]. A very similar mechanism, which demonstrated the appearance of 
those mixed-sulfides as the active phases, has been put in evidence in HDM reactions [24- 
251 undertaken with clay catalysts (the precursor is Fe2O3) acting on a Pao-XI heavy crude 
from the Orinoco belt. 
In order to gain mechanistic information, H-NMR analyses were carried out to the upgraded 
crude oil and the results are shown in Table 3. For Fe3(CO),2 soluble catalyst, an increase 
(17.2%) in the amount of a-hydrogen bonded to aromatic rings was observed in comparison 
with those observed for the control run (14.7%) and for the crude oil (15.5%). Similar 
catalytic runs carried out under argon and hydrogen atmospheres and Fe3(CO)12 led to lower 
amount of a-hydrogen bonded to aromatic rings (16 and 15 % for Ar- and Hzcontaining 
experiments, respectively) than that found in the CH4-containing experiment (17%). 
Furthermore, an intense aromatization occurred for all the upgrading reactions as shown by 
the increase in the percentages of aromatic protons from 5.1% in the original crude to 
approximately 10% for runs 1-3. These results can be. rationalized by incorporation of the 
methyl groups (or. in general, CH, species where x = 1.2, or 3) to the crude oil molecules, 
as shown in eq. 1 [6] .  

carried out in the presence of Fe3(CO)12 as dispersed catalyst (Table 1. run 1) yielded a ,' 

' 
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Where R = hydrocarbon (aliphatic or aromatic) 
Naphtenic radicals shown in eq. 1 can be generated by either thermal or catalytic breaking of 
C-H bond under the reaction temperature (410°C). Egiebor and Gray found methyl and 
dimethyl products by GC analysis of the donor solvent (tetralin), which was attributed to 
direct alkylation by reaction with methane in their iron catalyzed coal liquefaction 
experiments [9]. Also, similar results were obtained previously for extra-heavy crude oil 
upgrading under thermal [3] and catalytic conditions 161. The incorporation of CH, species, 
coming from methane, into the crude oil molecules was confirmed by isotopic carbon 
distribution measurements ("C/'*C) using "CH4 as a source of hydrogen 161. 
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Fig. 1. A) Mossbauer spectrum with the continuous %e representing the result of a 
computer adjustment including, IS (Isomer Shift), FWHM and QS (quadrupole splitting). 

Table 1. Upgrading of Extra-Heavy Crude Oil using Fe3(CO),2 as Organometallic Precursofl 

Run Gas HDSb %Cow. Viscosity C o k e  Gases Liquids 

used (wt%) >5OO0Cc (Pas)d (wt%) (wt%) (wta)  

Hamaca - (3.40% S )  - (500) 

crude oil 

Controle CH4 10.0 41 1.99 1.7 4.6 81.7 

1 CH4 14 40.5 1.34 6.9 4.6 88.5 

2 Argon 8 35.8 2.11 6.0 3.1 90.9 

3 H2 22 39.1 1.20 5.0 4.5 90.5 

aThe reactions were carried out in a 300-ml batch reactor at 410OC. 250 ppm of Fe. 1 I MPa of final 
pressure for a I-h period. The results are the average of at least two different reactions. bPercentage of 
desulfurization with respect to the starting crude oil. CPercentage of conversion of the residue >SoO"C as 
defined in ref. 3.5-6. *Viscosity measured at 30'C. Vontrol experiment. i. e. nocatalyst was used. 
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Table 2. Results of the XPS analysis of the coke isolated from upgraded Hamaca 
crude oil using Fep(CO),, as catalyst precursor after 1 h etching with Ar' ionsa 

Element Binding energy (eV) Atomic %b AssignmentC Reference 

Fe2p3/2 707.4 0.54 Fe" as in FeS 18-19 

s 2p 161.3 1.31 S-2 as in FeS 20 

c 1s 284.6 97.24 Adventitous carbon 18-20 

0 1s 532.8 0.9 1 Organic Oxygen 18-20 

reactions were carried out as dekribed in Table I. The coke was isolated by filtration after 
diluting the upgraded crude oil in toluene. bAtomic percentage on the surface. CMost probable 
assignment according to the published literature. 

Table 3. Protons distributions for upgraded Hamaca crude oil measured by lH-NMR using 
Fe,(CO)12 as catalyst precursor". 

Run Gas used HarOmb Halip< Had HP' H; 

Hamaca 5.1 94.9 14.7 56.2 24.0 

crude Oil 

ControP CH4 9.0 91.0 15.5 52.0 23.5 

8.4 91.6 17.2 51.2 23.0 

2 Argon 8.9 91.1 16.2 51.3 23.3 

1 CH4 

8.7 91.3 15.2 51.5 24.6 3 H2 

aThe reactions were carried out as described in Table I .  bL = Hydrogen bonded to aromatic carbons. 
'Hd, = Hydrogen bonded to aliphatic carbons. dH,, = Hydrogenbonded lo aliphatic carbons in ct position to 
an aromatic ring. 'Hp = Hydrogen bonded to aliphatic carbons in p position to an aromatic ring. 'Hy = 
Hydrogen bonded lo aliphatic carbons i n  yor  more position to an aromatic ring. %!Control experiment. i. e. 
no catalyst was used. 
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